Directional beating of ependymal (E) cells' cilia in the walls
Introduction
Ependymal (E) cells are multiciliated epithelial cells that line the brain ventricles and generate CSF flow through ciliary beating (Miyan et al., 2003) . E cells exhibit two types of planar cell polarity (PCP): (1) rotational polarity, the unidirectional orientation of individual basal bodies (BBs), and (2) translational polarity, the asymmetric positioning of the cluster of BBs in the apical region of E cells toward the direction of CSF flow (Mirzadeh et al., 2010b) . Defects in E cells' PCP result in abnormal CSF accumulation and hydrocephalus Ohata et al., 2014; Ying et al., 2014) . Understanding the mechanism underlying the establishment of E cell PCP is important for the diagnosis and prevention of hydrocephalus.
Translational polarity begins in the embryonic progenitors of E cells, called radial glial cells (RGCs) , by the embryonic day (E)16 (Mirzadeh et al., 2010b; . The early asymmetric localization of BB in RGCs is further refined as they differentiate into E cells (Mirzadeh et al., 2010b) . Rotational polarity of individual motile cilia, which in immature E cells is random, becomes unidirectional during E cells' maturation between postnatal day (P)4 and P20 (Guirao et al., 2010) . Both rotational and translational polarity are well correlated with the direction of CSF flow (location-specific PCP; Mirzadeh et al., 2010b; , suggesting that the early passive CSF flow could influence the development of PCP in RGCs and E cells. Hydrodynamic forces can instruct rotational polarity in cultured developing E cells and multiciliated cells in the Xenopus larval skin (Mitchell et al., 2007; Guirao et al., 2010) . Interestingly, RGCs' primary cilia, which protrude into the ventricles, are required for the proper polarization of E cells (Mirzadeh et al., 2010b) . The primary cilium is emerging as a key sensory organelle with many functions, including mechanosensation (Guemez-Gamboa et al., 2014) . Early hydrodynamic forces on the ventricular surface of RGCs has been proposed to help guide the planar polarization of E cells (Mirzadeh et al., 2010b) . The molecular components involved in the establishment of PCP in RGCs and E cells remain unknown.
The mechanosensory protein polycystic kidney disease 1 (Pkd1; also known as polycystin-1 and PC-1) is an 11-pass transmembrane protein, enriched in primary cilia, and has been proposed to mediate mechanosensation of urine flow in the kidney (Nauli et al., 2003; Kotsis et al., 2013) . Activation of Pkd1 by fluid flow triggers Ca 2ϩ intake through its associated ion channel, Pkd2 (also known as polycystin-2, PC-2, and transient receptor potential polycystic 2; Nauli et al., 2003) . Genetic inactivation of Pkd1 affects convergent extension-like movement and oriented cell division in kidney epithelial cells (Luyten et al., 2010; Castelli et al., 2013) , suggesting its involvement in PCP. Interestingly, ablation of Pkd1 in the developing mouse brain results in hydrocephalus (Wodarczyk et al., 2009 ). However, whether Pkd1 or Pkd2 play a role in the E cells' planar polarization, and how these mechanoreceptor components help organize the ventricular epithelium remains unknown.
Here, we show that Pkd1 and Pkd2 are expressed in primary cilia of RGCs. Ablation of Pkd1 or Pkd2 in early RGCs using Nestin-Cre;Pkd1 flox/flox or Nestin-Cre;Pkd2 flox/flox mutant mice did not affect the differentiation of E cells, but significantly disrupted PCP in both RGCs and E cells. The core PCP protein van Goghlike 2 (Vangl2) is asymmetrically localized in RGCs' and E cells' apical compartment, and it is required for their PCP (Guirao et al., 2010; . Interestingly, in the Nestin-Cre; Pkd1 flox/flox , Nestin-Cre;Pkd2 flox/flox or ciliary mutants (NestinCre; Kif3a flox/flox and Nestin-Cre;Ift88 flox/flox ), the asymmetric localization of Vangl2 in the apical region of E cells was severely disrupted. Double-heterozygous mutants for Pkd1 and Vangl2 resulted in synergistic phenotypes, suggesting that these genes function in the same pathway for E cells' PCP. These results identify Pkd1 and Pkd2 as key mechanosensory components in RGCs to establish PCP in the ventricular epithelium of the postnatal brain.
Materials and Methods
Animals. All animal experiments were approved by the Institutional Animal Care and Use Committee and Laboratory Animal Resource Center at UCSF, and maintained following the NIH, American Veterinary Medical Association, and UCSF guidelines. hGFAP-Cre (Zhuo et al., 2001) , Ift88 flox (Haycraft et al., 2007) , Kif3a flox (Marszalek et al., 2000) , NestinCre (Tronche et al., 1999) , Pkd1 flox (Wodarczyk et al., 2009) , and Pkd2 flox ; The Jackson Laboratory, 017292) mice have been previously generated and were genotyped as described.
Vangl2
Lp mice (The Jackson Laboratory, 000220) were identified previously (Strong and Hollander, 1949; Kibar et al., 2001; Murdoch et al., 2001) and were genotyped by PCR using the following primers (Lp WT F, 5Ј-CAA ACA GTG GAC CTT GGT GTG-3Ј; Lp mutant F, 5Ј-CAA ACA GTG GAC CTT GGT GTA-3Ј; Lp WT and mutant R, 5Ј-TGG CAG AAA TGT GTC AGG G-3Ј). Both males and females were used for all experiments.
Reverse transcription-PCR. cDNAs were generated from microdissected lateral walls of the lateral ventricles at P0 as described previously (Ohata et al., 2009 (Ohata et al., , 2011 . The following primers were used; Pkd1 F, 5Ј-GGA CTA TGA GAT GGT GGA GC-3Ј; Pkd1 R, 5Ј-GAG AGG AAG GAG GTC CAT TG-3Ј; Pkd2 F, 5Ј-TCA AGC TGG AGA TCA TGG AG-3Ј; Pkd2 R, 5Ј-CTC AGG AAC ACA CAA ACA CG-3Ј; ef1␣F, 5Ј-GCT TTG AGT GAA GCT CTT CC-3Ј; ef1␣R, 5Ј-CCT TCT TGT CCA CAG CTT TG-3Ј.
Immunohistochemistry. Mice were deeply anesthetized with 700 mg/kg bodyweight tribromoethanol (Sigma-Aldrich) by intraperitoneal injections. For the preparation of cryosections, brains were dissected after transcardial perfusion with saline (0.9% NaCl) and 4% paraformaldehyde (PFA, Sigma-Aldrich) in 100 mM phosphate buffer (PB), pH 7.4, using a 323E pump (Watson Marlow, 3-4 ml/min), postfixed with 4% PFA at 4°C overnight, rinsed with PBS, incubated in 30% sucrose overnight, immersed in OCT compound (Sakura) at 4°C for 1 h, frozen on dry ice in OCT compound, and sectioned at 12 m thickness with a HM 500 OM cryostat (Microm). The cryosections were washed with PB at 4°C for 15 min, and permeabilized with 0.1% Triton X-100 (SigmaAldrich) in PBS at room temperature (20 -22°C) for 15 min. Antigen retrieval was performed in 10 mM citrate buffer, pH 6.0, at 95°C for 10 min. Next, blocking of nonspecific binding sites was performed with PBS with 10% normal donkey serum (Sigma-Aldrich) and 0.5% Triton X-100 (blocking solution). Primary antibodies were incubated in the blocking solution overnight at 4°C followed by secondary antibody and 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) incubation at room temperature for 2 h.
Whole-mounts of the lateral ventricle walls were prepared as described previously (Mirzadeh et al., 2010a ). The exposed walls were fixed in 4% PFA at 4°C overnight and washed with PBS/0.2% Triton X-100 three times. For Pkd2 staining, antigen retrieval was performed in 10 mM citrate buffer, pH 6.0, at 95°C for 10 min. After blocking, whole-mounts were incubated with primary antibodies in the blocking solution overnight at 4°C, washed with PBS/0.2% Triton X-100, and incubated with secondary antibodies in the blocking solution overnight at 4°C.
Confocal images were taken on a Leica SP5 using a HCX PL APO CS 100ϫ oil-immersion objective lens (NA 1.46) . To analyze BB patch angle in E cells and BB angle in RGCs, the vectors were drawn using MetaMorph software as described previously (Mirzadeh et al., 2010b) . The angles of the vectors were normalized so that the average of the angle of the vectors is 180°in each picture. The percentages of vectors were plotted on a histogram in 15°bins. BB patch displacement in E cells and BB displacement in RGCs were quantified using the ImageJ software (NIH). To normalize the magnitude of the vector for the size and shape of the apical surface in each E cell, we divided it by the length of line that is drawn from the center of the apical surface to the edge of the apical surface passing through the center of BB patch (see Fig. 7a , black line). The intensity of Vangl2-immunoreactivity in the apical area of E cells was quantified using the MetaMorph software and normalized to control mice.
Antibodies. Primary antibodies: rabbit anti-adenylyl cyclase type III (ACIII, Santa Cruz Biotechnology, sc-588), mouse anti-␤-catenin (BD Biosciences, 610153), rabbit anti-␤-catenin (Sigma-Aldrich, C2206), rat anti-CD24-conjugated with phycoerythrin (PE; BD Biosciences, 553262), mouse anti-FoxJ1 (eBiosciences, 14-9965), chicken anti-GFAP (aves, GFAP), mouse anti-HA (Covance Research Products, MMS-101P-200), rabbit isotype control (Cell Signaling Technology, no. 3900), rabbit anti-Pkd1 (Bioss, bs-2157R), rabbit anti-Pkd2 (EMD Millipore, AB9088), rabbit anti-S100␤ (Dako, Z0311), mouse anti-acetylated tubulin (Sigma-Aldrich, T6793), rabbit anti-␥-tubulin (Sigma-Aldrich, T5192), rabbit anti-Vangl2 (Santa Cruz Biotechnology, sc-67136). Secondary antibodies: conjugated to AlexaFluor dyes (donkey or goat polyclonal, Thermo Fisher Scientific).
Scanning electron microscopy. Whole-mount preparations of the lateral wall of lateral ventricles were fixed with 2% PFA and 2.5% glutaraldehyde (Electron Microscopy Sciences; EMS) in PB at roomtemperature for 1 h, washed with PB, postfixed with 1% osmium tetroxide (EMS) in PB for 2 h at room temperature, rinsed with deionized water, and dehydrated first in ethanol then with CO 2 by critical point drying method. The samples were coated with gold/palladium alloy by sputter coating. The surface of the lateral wall was studied under a Hitachi S-4800 scanning electron microscope using Quantax 400 software (Bruker) for image acquisition.
Transmission electron microscopy. Whole-mount preparations of the lateral wall of lateral ventricles were fixed overnight with 2% PFA and 2.5% glutaraldehyde (EMS) in PB at 4°C, washed with PB, postfixed with 2% osmium tetroxide (EMS) in PB for 2 h at room temperature, rinsed with PB, stained with 2% uranyl acetate (EMS) in 70% ethanol at 4°C for 2.5 h, dehydrated with ethanol, incubated in propylene oxide (EMS), and embedded in Durcupan resin (Sigma-Aldrich). Serial semithin sections (1.5 m) were cut with an UC-6 ultramicrotome (Leica) and stained lightly with 1% toluidine blue. Subsequently, selected levels were glued with Super Glue-3 Loctite (Henkel) to Araldite blocks and detached from the glass slide by repeated freezing in liquid nitrogen and thawing. Ultrathin sections (60 -70 nm) were prepared with an ultramicrotome and stained with lead citrate (Reynolds' solution). Photomicrographs were obtained under a FEI Tecnai G 2 Spirit transmission electron microscope (FEI Europe) using a Morada digital camera (Olympus Soft Image Solutions). Acquired images were analyzed using ImageJ software.
Image processing. Adjustment of brightness and contrast of the pictures, if required, was performed using Photoshop CS5 (Adobe Systems) or ImageJ software.
High-speed live imaging of ciliary beating and ependymal flow assay. Whole-mounts of the lateral wall of the lateral ventricle were freshly dissected as above. For high-speed imaging of ciliary beating, the wholemount preparations were incubated with rat anti-CD24 antibody conjugated with PE in neurobasal medium (Thermo Fisher Scientific) supplemented with B-27 serum-free supplement (Thermo Fisher Scientific), glutamine and antibiotics for 20 min at room temperature, rinsed with L-15 medium (Thermo Fisher Scientific), and placed in a glass bottomed dish (BD Biosciences). Low melting point agarose (1-2%; Thermo Fisher Scientific) and Neurobasal medium with the supplements were placed on the whole-mounts. Ciliary beating was recorded with 15 ms exposure time at 61 frames per second (fps) for 200 frames at room temperature using a Leica DMI600 B microscope, HCX PL APO 100ϫ oil-immersion objective lens (NA 1.44, Leica), Rolera EM-C 2 high-speed camera (QImaging), and MetaMorph software.
For the ependymal flow assay, a glass micropipette filled with fluorescent polystyrene latex microbeads (2 m, Polysciences) attached to an MO-10 micromanipulator (Narishige) was lowered onto the wholemount and microbeads were deposited onto the ventricular surface. The movement of microbeads was recorded using a Leica MZFLIII fluorescent dissection microscope and Retiga 2000R high-speed digital camera (QImaging) plugged into OpenLab imaging software (Improvision) at 10 fps. The speeds of migrating fluorescent beads were quantified using the Manual Tracking plugin for ImageJ software.
Magnetic resonance imaging. T2-weighted axial image sequences of fixed brains were acquired using a 7T MR scanner (Unity Inova system; Agilent Technologies) and a handmade proton surface coil (repetition time/echo time ϭ 4200/36 ms, 10 ϫ 10 mm, thickness ϭ 0.5 mm, slice gap ϭ 0 mm). Obtained images were analyzed using ImageJ software.
Statistics. All results shown in the dot plot graphs are expressed as mean Ϯ SEM. The means of experimental groups were compared with two-tailed Student's t test. The distributions of angles were compared with Watson's U 2 test using Oriana software (Kovach Computing Services). Distribution of the Vangl2 asymmetric localization positive and negative cells between control and mutant mice was compared with Fisher's exact test using Prism 6 software (Graphpad). Differences were considered significant at p Ͻ 0.05.
Results

Localization of Pkd1 and Pkd2 in primary cilia of RGCs
We first investigated, using reverse transcription-PCR (RT-PCR), whether Pkd1 and Pkd2 were expressed in lateral walls of the lateral ventricle at P0 (Fig. 1a) . Both mRNAs were present in microdissected ventricular wall (Fig. 1b) . To determine the subcellular localization of Pkd1 in RGCs, we used a knock-in mouse line that expresses influenza hemagglutinin (HA)-tagged Pkd1 (hereafter referred to as Pkd1 flox/flox , also known as Pkd1 HA/HA ; Wodarczyk et al., 2009). Immunolabeling for Pkd1-HA revealed staining associated with the shaft of P0 RGCs' primary cilia (Fig. 2a, arrows) , with some punctate staining outside the cilia in the apical domain (Fig. 2a, arrowheads) . This staining was not observed in wild-type (WT) controls (Fig. 2b) . To confirm the specificity of the HA-immunostaining, we crossed the Pkd1 flox/flox mice with Nestin-Cre transgenic mice (hereafter referred to as Nestin-Cre;Pkd1 flox/flox ) to eliminate Pkd1 C terminus domain, including the HA-tag, in the developing brain beginning at E9.5 (Tronche et al., 1999) . In these mice, no Pkd1-HA staining was observed in cilia ( Fig. 2c) , demonstrating the specificity of Pkd1-HA immunoreactivity. Immunostaining using an antibody against Pkd1 also showed punctate staining associated with primary cilia and in the apical region of RGCs (Fig. 2d , arrows and arrowheads, respectively). Pkd2 was also detected in primary cilia of P0 RGCs in WT and Pkd2 flox/flox mice, but not in Nestin-Cre; Pkd2 flox/flox mice ( Fig. 2e-g ). Immunoreactivity was not detected in RGCs stained with isotype control antibody (Fig. 2h) , further suggesting the specificity of the antibody against Pkd1 (Fig. 2d) or Pkd2 ( Fig. 2e-g ). In the primary cilia of P0 Pkd1 flox/flox RGCs, Pkd1-HA and Pkd2 colocalized ( Fig. 3a-d and Nestin-Cre;Pkd2 flox/flox mice at P21 (Fig. 4a-d) . Observation of P21 whole-mounts using scanning electron microscopy revealed that the morphology, number, and length of motile cilia in E cells were similar in Nestin-Cre;Pkd1 , and control mice (Fig. 4e-j) . Whole-mount staining for ␥-tubulin, a protein which localizes to BBs, showed that the number of BBs in the apical region of E cells at P21 was unaffected in Nestin-Cre;Pkd1 flox/flox and Nestin-Cre;Pkd2 flox/flox compared with control mice (Fig. 4k-o) . These results suggest that the generation and the apical docking of the BBs (Guirao et al., 2010; Al Jord et al., 2014) (Fig. 4p-s, arrows) . Beating of E cell motile cilia can be visualized using PE-labeled CD24 antibodies (Ohata et al., 2014 RGCs are required for the asymmetric distribution of Vangl2 in E cells. As shown in Figures 2 and 3 , Pkd1 and Pkd2 were expressed in the primary cilia of RGCs. So we asked whether Pkd1 and Pkd2 were required for Vangl2 asymmetrical localization in the apical area of E cells at P21 (Fig. 5i-l ) (Fig. 5m) . These results suggest that primary cilia of RGCs, Pkd1, or Pkd2 also affect the apical levels of Vangl2 in E cells directly or indirectly. and Nestin-Cre;Pkd2 flox/flox mice, the overall directionality of this flow was similar to that in controls ( Fig. 6r; Movies 6, 8 ), but the speed of the fluorescent beads was significantly slower compared with controls (Fig. 6s) . (Fig. 7a-g ). We measured the angles of these vectors (BB angle) and the displacement of the BBs from the center of the apical surface (BB displacement; Fig. 7a mice compared with that in control mice (Fig. 7b-j (Fig. 7k) . These data indicate that primary cilia, Pkd1, and Pkd2 contribute to the establishment of translational polarity in RGCs before they differentiate into E cells.
Aberrant rotational polarity in
We next investigated whether translational polarity in differentiated E cells at P21 was affected following ablation of Pkd1 or Pkd2 using Nestin-Cre. The BB patch angle in E cells had a significantly wider distribution in both (Fig. 8g) . These results suggest that Pkd1 and Pkd2 help coordinate BB patch angle in E cells.
Synergistic enhancement of PCP defects in theVangl2 heterozygous mutant E cells by Pkd1 heterozygous mutation
In the developing kidney epithelia, ablation of Pkd1 affects multiple cellular processes related to PCP, including oriented cell division and convergent-extension-like movements (Luyten et al., 2010; Castelli et al., 2013) . However, whether and how Pkd1 regulates the PCP pathway remains unknown. The PCP gene Vangl2 is required for both rotational and translational polarity in E cells (Guirao et al., 2010; . The Loop-tail mutation (Vangl2 Lp , S464N) affects the stability and membrane localization of Vangl2 (Montcouquiol et al., 2006; Guirao et al., 2010; Merte et al., 2010; Iliescu et al., 2011) . To address whether Pkd1 and Vangl2 function cooperatively or independently in the establishment of translational and rotational polarity, we analyzed single and double-heterozygous mutant mice for these genes. Heterozygous Vangl2 Lp/ϩ mutation was sufficient to significantly affect the BB patch angle in E cells at P21 (Fig. 9a,b, Next, we examined rotational polarity in these mutant mice. Both Pkd1 and Vangl2 heterozygous mutations affected rotational polarity (Fig. 9f-h,j; Lp/ϩ mice and Pkd1 flox/ϩ mice was 9°(49°and 40°, respectively). Interestingly, double-heterozygous mutant mice for these genes Fig. 9g-j ; Table 2 ). The difference in CSD between Nestin-Cre;Pkd1 flox/ϩ ;Vangl2
Lp/ϩ mice and Pkd1 flox/ϩ mice was 32°(72°and 40°, respectively), almost twice the sum of the differences in CSD for Nestin-Cre;Pkd1 flox/ϩ and Pkd1 flox/ϩ ;Vangl2 Lp/ϩ mice (8°and 9°, respectively). As with translational polarity, these results for rotational polarity suggest that Pkd1 and Vangl2 do not function independently, but are part of the same pathway to establish PCP in E cells.
Discussion
The present study demonstrates that the planar organization of E cells, essential for the proper CSF circulation, requires RGCs' primary cilia and mechanosensory genes, Pkd1 and Pkd2. Together with our previous report (Mirzadeh et al., 2010b) , we propose that Pkd1 and Pkd2 in the primary cilia of RGCs could help sense small perturbations in early hydrodynamic forces on the ventricular epithelium (e.g., passive CSF flow) to establish an initial translational polarity in RGCs. Given that E cells' PCP in Pkd1 mutant mice was affected in all ventricular wall subdomains, this planar polarization mechanism may be widely used along the ventricular epithelium. How this early polarization of RGCs is then translated into polarized E cells remains unknown. During differentiation of RGCs to E cells, newly generated BBs for motile cilia migrate apically into the vicinity of the primary cilia's BBs (Al Jord et al., 2014) . The asymmetric localizations of the primary cilia and its BBs in RGCs may be key for the subsequent asymmetric positioning of motile cilia and BBs in E cells.
Ciliary localization of Pkd1 and Pkd2 in RGCs
Primary cilium compartmentalizes membrane-bound and cytoplasmic signaling components and functions as a signaling center for chemical and mechanical signals (Nauli et al., 2003; Su et al., 2013; Guemez-Gamboa et al., 2014; Lee et al., 2015) . Here we show that mechanoreceptor proteins Pkd1 and Pkd2 are present in RGCs' primary cilia, which extend into the developing ventricular system and contact the CSF directly (Mirzadeh et al., 2010b; Tong et al., 2014) . The elongated shape of the primary cilium and the compartmentalization of Pkd1 and Pkd2 within its small volume could enable the primary cilium to function as a highly sensitive mechanosensory organelle. Pkd1 and Pkd2 were also present as small puncta in the apical compartment of RGCs. A possible role for these mechanosensors in the apical region remains unknown. In vascular smooth muscle, these proteins localize on the apical surface and are involved in sensing pressure generated by the stretching of the plasma membrane (Sharif-Naeini et al., 2009). Apical Pkd1 and Pkd2, outside the cilia, could have a similar function in RGCs. It is also possible that the punctate staining we detect in the apical domain of RGCs corresponds to Pkd1 or Pkd2 being transported or recycled.
Regulation of PCP pathway by Pkd1, Pkd2, and primary cilia
In the present study, we show that primary cilia, Pkd1, and Pkd2 are required for the asymmetric localization of Vangl2, a core PCP protein essential for planar polarization of E cells (Guirao et PCP proteins. In the present study, we show that primary cilia, Pkd1, and Pkd2 contribute to the translational polarity in RGCs. Interestingly, translational polarity in RGCs is observed as early as E16.5, preceding the asymmetric accumulation of PCP proteins that occurs after P0 (Mirzadeh et al., 2010b; . Positionally biased signaling mediated by primary cilia in RGCs may be important for directional sorting of PCP proteins along microtubules. In the developing fly wing, GFP-tagged Frizzled (Fzd), another core PCP protein, is preferentially transported toward the distal side along microtubule arrays to establish its asymmetric accumulation (Shimada et al., 2006) . The BBs of RGCs' primary cilia function as microtubule organizing center . Pharmacological disruption of microtubule organization significantly affects the asymmetric localization of core PCP proteins in RGCs and cultured tracheal epithelial cells (Vladar et al., 2012; . Pkd1 is involved in the stabilization of microtubules in cultured cells (Castelli et al., 2015) . Mechanosensory signals may contribute to the initial rearrangement of the apical microtubule networks in RGCs. Proper asymmetric accumulation of PCP proteins in the apical area of RGCs would be important to refine PCP and ultimately instructive for E cells. We also found that ablation of cilia, Pkd1, or Pkd2 resulted in a reduction in apical Vangl2 levels in E cells. Primary cilia of RGCs, Pkd1, or Pkd2, may directly or indirectly affect synthesis, stability, and/or apical migration of Vangl2.
The requirement of cilia, Pkd1, and Pkd2 in the asymmetric localization of core PCP proteins may be tissue-dependent. The asymmetric accumulation of Vangl2-GFP fusion protein or Fzd3 was not affected in the cochlear hair cells in Foxg1-Cre;Ift88 flox/flox mice (Jones et al., 2008) . In the Foxg1-Cre;Kif3a flox/flox cochlea, the asymmetric localizations of Fzd3 and Dishvelled2 are slightly disorganized but largely normal (Sipe and Lu, 2011) . Ablation of Pkd1 in the inner ear disrupts the ultrastructure of actin-based stereocilia but does not affect its PCP (Steigelman et al., 2011) .
Primary cilia apparently have different functions at different times in development (Guemez-Gamboa et al., 2014) . The early removal of primary cilia, Pkd1, or Pkd2 from RGCs affects the establishment of PCP in RGCs and E cells, whereas late removal of motile cilia from developing E cells partially disrupt E cells' PCP (Mirzadeh et al., 2010b) . The early ablation of Arl13b (a small GTPase essential for ciliary function), before neuroepithelial cells convert into RGCs, dramatically reverses apical-basal polarity, whereas its late ablation does not (Higginbotham et al., 2013) . Primary cilia may become essential for PCP as the size of the apical area expands in late RGCs. 2,3 and Pkd2-like1,2; Pkd1l1,2,3 and Pkd2l1,2, respectively; ) could contribute to this remaining PCP. It has been suggested, in the mouse node and in fish Kupffer's vesicle, that Pkd1l1 interacts with Pkd2 and functions as a nodal flow sensor to establish left-right asymmetry (Field et al., 2011; Kamura et al., 2011) . In future studies, it will be interesting to determine the precise localization of the different Pkd1 and Pkd2 protein family members in RGCs and E cells. Compound mutant animals could also help determine the contribution of each Pkd1 and Pkd2 family members in the development of PCP in the brain's ventricular epithelium.
Partial polarization in
We observed a defect in BB displacement in RGCs in NestinCre;Pkd1 flox/flox or Nestin-Cre;Pkd2 flox/flox mice at P0, but in these mutant mice, BB patch displacement in E cells was unaffected by P21. As translational polarity is refined during the differentiation and maturation of RGCs into E cells (Mirzadeh et al., 2010b; Ohata et al., 2014) , the products of Pkd1's and Pkd2's family genes may function in this refinement. It is also possible that the refinement of BB patch displacement during the maturation of E cells is regulated by a different mechanism that does not require Pkd1 or Pkd2.
In Pkd1 heterozygous mutant mice (i.e., Nestin-Cre;Pkd1 flox/ϩ ), partial defects in rotational polarity were observed. Heterozygous mutations in human, which are implicated in autosomal dominant polycystic kidney disease ), could be a risk factor for the development of hydrocephalus.
Conclusion
PCP in E cells plays key roles in the proper circulation of CSF and its defects can cause hydrocephalus Ohata et al., 2014; Ying et al., 2014 ). The present study shows that Pkd1 and Pkd2 are present in the primary cilia of RGCs and are involved in the development of PCP in RGCs and E cells. Hydrodynamic forces have been suggested to guide the development of PCP in E cells and multiciliated cells in the frog larval skin (Mitchell et al., 2007; Guirao et al., 2010; Mirzadeh et al., 2010b) . Pkd1 and Pkd2 are involved in mechanosensation in cultured kidney epithelial cells and the embryonic node (Nauli et al., 2003; Yoshiba et al., 2012) . Similarly, Pkd1 and Pkd2 could help sense hydrodynamic force in RGCs or immature E cells for the establishment and refinement of proper PCP. The disruption in E cells' PCP in Nestin-Cre;Pkd1 flox/flox and Nestin-Cre;Pkd2 flox/flox mice result in abnormal CSF circulation, as shown by slower ependymal flow, and expansion of the lateral ventricles. A full understanding of the mechanism leading to the intricate planar polarization of E cells, which varies by location in the ventricular wall, could help develop genetic tools for the diagnosis and treatment of hydrocephalus. This study identifies molecular components that could mediate mechanosensation in RGCs and E cells. 
